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1. Introduction
The sol-gel method is generally used to prepare
polymer-matrix composites (PMCs) using pure
ceramic precursors at relatively low temperatures
[1–3]. In 1982, Mark and Pan [4] firstly introduced
this method to in-situ precipitate silica within PDMS
networks. The in-situ precipitation reaction can be
roughly divided into two steps: hydrolysis of alkoxyl-
silicates to produce hydroxyl groups, followed by
polycondensation of the hydroxyl groups and resid-
ual alkoxyl groups to form a three-dimensional gel
network. The reactions typically proceed with either
an acid or a base as catalyst to accelerate the reac-
tion rate [5].Thus, the total precipitation reaction
using typical TEOScan be described as:
(C2H5O)4Si + 2H2O                  SiO2 + 4C2H5OH,
which consists of hydrolysis:
Si–O–C2H5 + H2O                 Si–OH + C2H5OH,
and polycondensation:
Si–OH + OH–Si                  Si–O–Si + H2O,
or,
Si–O–C2H5 + OH–Si               Si–O–Si + C2H5OH.
The precipitation process consists of hydrolysis,
polycondensation (including nucleation, growth and
aggregation), gelation, aging (including polymeriza-
tion, coarsening and syneresis) and drying (including
evaporation and densification), which has been
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H+, OH–overall reviewed by Brinker [6]. Different kinds of
catalyst have dramatic effect on the precipitation
process and on the final gel structure [7, 8]. Experi-
mental results [9] have shown that acid catalyzed
reactions tend to produce more chain-like poly-
meric entities while basic environments tend to pro-
duce more highly condensed and discrete particu-
late structures. Herein, we pay more attention to the
acid-catalyzed precipitation process because only
acid catalyst is adopted in our experiments. Acid-
catalyzed hydrolysis occurs by the nucleophilic
attack of the oxygen contained in water molecules
on the silicon atoms and acid-catalyzed condensa-
tion involves the protonation of silanol species,
which makes the silicon more electrophilic and
more susceptible to nucleophilic attack [6].
Many literatures [10–15] have reported that in-situ
precipitated networks show much improved mechan-
ical properties compared with pure networks. Fur-
ther researches [16–19] demonstrated that, com-
pared with the agglomerated fumed silica particles
incorporated by mechanical blending, in-situ pre-
cipitated silica gel particles are more homoge-
neously dispersed within the networks, thanks to
the molecular-level dispersion of precursors. Also,
the gel particles are generally in the nanoscale length
with very narrow size distribution. Fragiadakis and
coworkers [20–22] have studied the chain dynamics
by various techniques. They found an interfacial
structure with reduced segmental mobility between
gel particles and polymer matrix. Hernandez et al.
[23] have proven that the formation of continuous
silica phase (or filler network) above the percola-
tion concentration can also have an influence on the
dynamic mechanical modulus of composites.
Although the in-situ precipitation method has been
developed for decades, the mechanisms of rein-
forcement caused by the gel particles have not yet
been completely clarified. The objective of the cur-
rent work is to explore the reinforcing mechanisms
and investigate the effect of different precipitation
conditions on the tensile properties.
2. Experimental section
2.1. Materials
The !, "-hydroxylated PDMS with average molec-
ular weight of 80 300 g/mol and polydispersity
index of 1.35 was purchased from WACKER (Ger-
many). The fumed silica with a trademark of R106
was provided by Evonik Degussa (Germany), which
has been partially surface-modified from pristine
fumed silica A300 using octamethylcyclotetrasilox-
ane (D4). The tetra-functional cross-linker tetra  -
ethoxysilane (TEOS) and catalyst dibutyltin dilau-
rate (DBTDL) were supplied by Tian Jin Bodi Cor-
poration (China).The toluene (A.R.) was obtained
from Beijing Chemical Works (China). All materi-
als were used as received without further treatment.
2.2. Preparation of filled networks
Fumed silica was mechanically blended with PDMS
on a three-roll mill (EXAKT80E, Germany). After
addition of TEOS and DBTDL, the pure PDMS and
R106/PDMS suspensions were vulcanized at room
temperature using solution curing method. More
detailed process can be referred to our previous
work [24].
The in-situ precipitated networks were prepared by
immersing cured rubber sheets into TEOS solution
containing 3 wt% of DBTDL for various time, as
depicted in the work of Dewimille et al. [17]. The
swollen sheets were laid at labs with normal condi-
tions (temperature of 23±2°C and relative humidity
of 50±20%) or within the constant temperature and
humidity chamber (EYELAKCL-2000, Japan) to
react for 24 h and then placed in an oven at 80°C
until constant weights reached. Water molecular for
hydrolysis reaction was obtained from water vapor
in the atmosphere. DBTDL can generate lauric acid
by hydrolysis, which acts as the catalyst for the
hydrolysis and condensation reactions of TEOS.
The amounts of silica in-situ precipitated within the
networks were calculated from the sheet weights
before and after precipitation. The reaction condi-
tions and concentrations were listed in Table 1.
2.3. Tensile tests
The samples for tensile tests were stamped out from
rubber sheets (with a thickness of ca. 2 mm) using a
dumbbell-shaped cutter (with a 4 mm width and
20 mm initial gauge length). The tests were per-
formed at room temperature on a tensile testing
machine CMT-4104 (SANS, China) at a crosshead
rate of 50 mm/min. At least five specimens were
tested for each sample. The ultimate tensile strength
(fm
*) and break elongation (!m) can be directly
obtained from stress-strain (f*-!) curves. The area
under the stress-strain curve corresponds to the net-
work breakup energy (Eb), which can be used as a
measure of material toughness [25]. Meanwhile,
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from the well-known Mooney-Rivlin equation
(Equation (1)):
[f*] = 2C1 + 2C2!–1                                              (1)
where constant 2C1 is taken as the limit modulus of
a phantom network and 2C2 is regarded as a meas-
ure of the extent of non-affine deformation [26, 27].
2.4. Characterization
Equilibrium swelling method was adopted to evalu-
ate the cross-linking degree of networks. Pieces of
measured weights of vulcanized rubber sheets (m1)
were immersed in toluene for 72 h at room temper-
ature. Then the swollen sheets were wiped gently
with a filter paper to remove unabsorbed solvent
and their weights were measured as m2. The amount
of absorbed toluene can be determined by the weight
difference before and after swelling (m2 –#m1).
Herein, the equilibrium swelling ratio (qes) was
employed to reflect the degree of cross-linking,
which is simply defined as the mass ratio of the
absorbed solvent to the pure rubber (Equation (2)):
                                                (2)
where " is the mass fraction of filler.
Small-angle X-ray scattering (SAXS) is widely
used to provide averaged statistical information of
multi-phase composites having phase structures in
the nanoscale [17, 28, 29]. 2D SAXS patterns were
collected within 100 s at room temperature on the
beamline BL16B1 in Shanghai Synchrotron Radia-
tion Facility (SSRF) in China. The wavelength was
0.154 nm and the sample-to-detector distance was
5110 mm. The thickness of testing specimens was
about 0.5 mm. One dimensional scattering intensity
curves (I(q) vs. q) were obtained by radial average
method using FIT2D program [30]. The data were
calibrated by pure rubber sheet and normalized with
respect to the incoming beam intensity.
The fractured cross-sectional surface of filled net-
works was examined by an atomic force micro-
scope (AFM, Multimode 8, Bruker, Germany) in
the tapping mode at the frequency of 1 Hz.
3. Results and discussion
3.1. Effect of swelling time on tensile
properties
As shown in Figure 1, the swelling rate of pure rub-
ber sheet in TEOS solution decreases with time
according to a power law. The swelling ratio,
defined as the mass ratio of the solution to the pure
rubber, increases sharply at the initial stage and
slows down gradually until an equilibrium swelling
state reached. Thus, networks filled with various
loadings of precipitated silica can be obtained by
changing the swelling time.
Tensile properties of networks filled with various
concentrations of silica gel particles precipitated at
normal conditions were presented in Figure 2 and
listed in Table 1. It can be seen that the modulus, ten-
sile strength, break elongation and network breakup
energy all increase with filler concentration. Com-
pared with pure network, all filled networks exhibit
non-Gaussian effect, i.e. the anomalous upturn in
modulus plots. Meanwhile, the non-Gaussian effect
emerges at a lower strain as concentration increases,
suggesting the existence of more and shorter seg-
ments within the filled networks. Moreover, the
upturn becomes suppressed at large strains for con-
centrations above 9.04 wt% and it nearly vanishes
for the extremely high concentration of 17.26 wt%.
It is beneficial to compare the in-situ precipitated
networks with the fumed silica filled networks to
explore the reinforcing mechanisms. In our previ-
ous work [24], we have discussed the tensile prop-
erties of fumed silica filled PDMS networks in
detail. Therein, the reinforcement was attributed to
qes 5
m2 2 m1
m111 2f 2
qes 5
m2 2 m1
m111 2f 2
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Figure 1. Swelling ratio and swelling rate of pure PDMS in
TEOS solution as a function of timeboth the effective volume effect originated from
filler volume and polymer-filler interaction and the
synergistic effect between network chains of differ-
ent length scales within the ‘hierarchical network’.
The ‘hierarchical network’ sets a stage for the shorter
network chains or segments to exhibit non-Gauss-
ian behavior at lower strains and for the networks to
show non-Gaussian effect, just as the case in bimodal
networks [25, 31, 32]. Herein, the polymer-filler
interaction within the interfacial structure includes
a new interaction type of ‘pinning effect’ within gel
particles, in addition to the adsorption effect caused
by hydrogen bond and van der Waals forces on the
gel particle surface. Specifically, a certain number
of PDMS chains can be trapped and pinned up dur-
ing the formation of silica gel particles, thanks to
the excellent compatibility between organic and
inorganic components. The pinning effect can
behave, to some extent, like chemical cross-links
because generally, the rupture of chemical bonds is
needed to remove the pinning effect. Consequently,
the force of overcoming pinning effect is obviously
much larger than the desorption force. This is part
of the reason why in-situ precipitated networks
exhibit better mechanical properties than fumed sil-
ica filled networks at the same filler concentration
[10].The pinning and adsorption divide network
chains into shorter segments in a great larger num-
ber, thus increase the degree of cross-linking den-
sity. McCarthy et al. [33] found that no non-Gaussian
effect was observed in polymethylphenylsiloxane
(PMPS) networks in-situ precipitated with titania,
which is probably due to the very weak polymer-
filler interaction including no pinning and adsorp-
tion effect. On the other hand, unlike fumed silica
particles tend to form agglomerates (especially at
high filler loadings), in-situ precipitated gel parti-
cles are well dispersed within the networks. This
can be inferred from SAXS plots in Figure 3, where
fumed silica filled networks only show a strong
shoulder at low scattering vectors while precipi-
tated networks show a rather weak peak within the
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Figure 2. Stress-strain curves (a) and Mooney-Rivlin plots (b) for networks filled with various concentrations of in-situ pre-
cipitated silica
Table 1. Tensile testing results and equilibrium swelling ratio for unfilled and filled networks
Samples
(Concentrations)
fm
*
[MPa]
!m
[%]
Eb
[J/mm3]
qes
PDMS 0.25±0.02 141±9 0.21±0.02 3.35
3.16 wt% 0.97±0.12 164±10 0.83±0.03 2.29
5.09 wt% 1.47±0.11 176±12 1.12±0.05 2.24
6.82 wt% 3.05±0.08 217±4 2.68±0.01 2.18
9.04 wt% 4.31±0.08 255±2 4.97±0.01 2.11
10.59 wt% 4.93±0.10 287±13 6.62±0.05 2.05
17.26 wt% 6.41±0.45 398±15 17.40±0.08 0.95
25°C-40% (3.82 wt%) 2.20±0.12 216±9 1.82±0.03 2.21
25°C-60% (5.32 wt%) 2.76±0.13 230±13 2.72±0.05 2.23
25°C-80% (6.43 wt%) 3.43±0.12 260±8 3.70±0.04 2.24
20°C-60% (4.33 wt%) 2.01±0.11 207±14 1.74±0.05 2.30
30°C-60% (6.03 wt%) 3.40±0.22 252±15 4.10±0.06 1.87range of 0.2–0.5 1/nm. These peaks can be attrib-
uted to the relative scattering between well dis-
persed gel particles. Besides, the fractal dimension
of scattering entities calculated from the SAXS
plots using program PRIMUS [34] increases from
1.78 to 3.10, suggesting that the gel structure become
more and more condensed as filler concentration
increases. The increase of these scattering peaks is a
combined effect of the increase in the number, size
and condensed structure of gel particles. This is dif-
ferent from the case of fumed silica filled networks,
where the increase of scattering peak is caused only
by the increase of particle number. Due to the strong
polymer-filler interaction and well dispersed nano  -
particles, the percolation concentration of precipi-
tated silica for the formation of ‘hierarchical net-
work’ structure is expected be much lower than that
of fumed silica (2–3 phr for R106 filled networks
[24]).
Therefore, the stress-strain behaviors of in-situ pre-
cipitated networks can be explained. The aug-
mented modulus in the linear regime can still be
attributed to the filler’s effective volume effect
including the increase of both filler volume and
cross-linking density (caused by adsorption and pin-
ning effect). The increase of cross-linking density
can be confirmed by the decrease of equilibrium
swelling ratio as listed in Table 1. The upturn of
modulus at large strains can be attributed to the syn-
ergistic effect between network chains of different
length scales within the ‘hierarchical network’ gen-
erated by gel particles. The suppression of modulus
upturn at very large strains for highly precipitated
networks can be interpreted by the breakup of bridg-
ing gel structure. The bridging gel structure between
gel particles can be directly seen on the transmis-
sion electron microscope (TEM) graph in the work
of Dewimille et al. [17]. This interpretation can fur-
ther be adopted to explain the decrease of modulus
for the network precipitated with 17.26 wt% of gel
particles, where the gel filler network makes the
dominant contribution to the mechanical properties.
The deformation and breakup of gel structure is
some sort of irreversible plastic deformation, which
can be confirmed by the apparent residual strain (or,
permanent set) as shown in Figure 4 and be observed
from the 3D AFM height graphs in Figure 5. Only
sparse valleys were seen on the fractured cross-sec-
tional surface of fumed silica filled network, while
dense peaks and dips were observed on the surface
of in-situ precipitated network.
3.2. Effect of humidity and temperatureon
tensile properties
The reaction conditions have a huge influence on
the dynamics of hydrolysis and polycondensation
reaction and on the structure of formed silica gel
particles [6, 7, 35]. Consequently, the precipitated
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Figure 3. SAXS plots of networks filled with various concentrations of: (a) fumed silica R106, (b) in-situ precipitated silica
Figure 4. Photo image of the sample before and after tensile
tests at the concentration of 9.04%networks prepared under different conditions can
exhibit various mechanical properties. Herein, we
mainly study on the effect of humidity and temper-
ature on the tensile properties of in-situ precipitated
networks. Experimental results in the first column
of Table 1 show that the concentration of silica gel
particles within the networks (swelled in TEOS
solution for 30 minutes) increases with both humid-
ity and temperature, suggesting the higher transfor-
mation efficiency of TEOS to silica gel. Again, the
structure of gel particles can be examined from
SAXS plots in Figure 6. The increase of scattering
peaks can again be regarded as the combined effect
of the increase in the number, size and condensed
structure of gel particles.
From Figure 7 and Table 1, it is seen that all mechan-
ical parameters increase with the humidity and tem-
perature. Meanwhile, the upturn of modulus occurs
at a lower strain, suggesting the existence of more
and shorter segments within the networks. The
humidity provides water molecular for the hydroly-
sis of both TEOS and DBTDL. Thus, the most obvi-
ous effect of increased humidity is the promotion of
hydrolysis [36]. Brinker et al. [37] found that when
hydrolysis is fast, higher density coarse textured gel
particles are formed, otherwise, less low density
fine textured gel particles are formed. This can be
confirmed by the SAXS curves in Figure 6a. The
elevated temperature has an influence on the whole
precipitation process, such as accelerating the
dynamics of hydrolysis and polycondensation,
increasing the gelation rate, shortening the periods
of aging and drying, etc. As a result, more high den-
sity coarse textured gel particles form at higher
temperatures, as demonstrated by SAXS plots in
Figure 6b.
To some extent, the raising of humidity and temper-
ature generates the same reinforcing effect as the
increase of swelling time. Therefore, the reinforc-
ing mechanisms can be analyzed from the aspects
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Figure 5. 3D AFM height graphs of fractured cross-sectional surface for networks filled with: (a) 10 phr of fumed silica
R106, (b) 9.04% of in-situ precipitated silica
Figure 6. SAXS plots of networks filled with in-situ precipitated silica at variant humidities (a) and temperatures (b)of both effective volume effect and synergistic
effect similar to the analysis in the above section. In
short, the tensile properties of networks precipitated
at higher humidity and temperature benefit from
more silica gel particles with condensed structure,
stronger polymer-filler interaction from pinning
and adsorption effect and larger extent of synergis-
tic effect from more and shorter segments.
3.3. Effect of second reinforcement
One advantage of in-situ precipitation method is
that it can provide a second reinforcement on the
filled networks, non-destructively. These secondly
filled networks posess much better mechanical prop-
erties and have extended service life in extremely
harsh applications. Moreover, this method can over-
come the shortcomings of blending method involv-
ing the poor processability of high-viscosity mix-
tures caused by adding lots of reinforcing fillers [4].
We firstly conducted a second in-situ precipitation
(swell for 30 min, react at 20°C and 40%) using the
precipitated network labeled as ‘25°C-40%’. The
concentration of silica gel particles increases from
3.82 to 5.76 wt% after the second precipitation. The
stress-strain curves and Mooney-Rivlin plots of net-
works after the first and second precipitation were
presented in Figure 8. It can be seen that the tensile
strength increases from 2.22 to 3.47 MPa, break
elongation increases from 223 to 241% and net-
work breakup energy increases from 1.82 to
3.40 J/mm3.The emergence of non-Gaussian effect
of second precipitated network occurs at a lower
strain, suggesting that the network chains have been
further shortened due to the addition of pinning and
adsorption effect. Meanwhile, the equilibrium
swelling ratio decreases from 2.21 to 1.97, confirm-
ing that the cross-linking degree of filled networks
further increases.
We also conducted a second in-situ precipitation
(swell for 5 min, react at normal conditions) on the
fumed silica R106 filled networks. The results of ten-
sile tests before and after precipitation were pre-
sented in Figure 9. It can be seen that the modulus,
tensile strength and network breakup energy increase
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Figure 7. Stress-strain curves (a, c) and Mooney-Rivlin plots (b, d) for networks filled with silica in-situ precipitated at
variant humidities and temperaturesafter the precipitation, while the break elongation
decreases. For network filled with 1 phr of R106,
Gaussian effect becomes non-Gaussian after the
precipitation, suggesting the formation of the ‘hier-
archical network’ structure; for network filled with
10 phr of R106, non-Gaussian effect occurs at a
lower strain after the precipitation, indicating more
and shorter network chains form due to the pinning
and adsorption effect. The decrease of break elon-
gation seems unexpected and elusive. This phenom-
enon indicates that there is some kind of incompati-
bility between fumed silica and silica gel particles
within the networks. The two types of particles
probably have different influences on the fracture
properties of filled networks.
4. Conclusions
In-situ precipitation method can be used to improve
the mechanical properties of pure and filled polydi-
methylsiloxane networks. By changing the swelling
time, humidity and temperature, various concentra-
tions of silica gel particles with different structures
can be generated within the networks. Due to the
polymer-filler interaction, including the adsorption
effect on the gel particle surface and the pinning
effect within the gel particles, precipitated networks
show much improved tensile properties. The bridg-
ing gel structures between gel particles also have a
positive influence on the mechanical properties,
especially at high filler concentrations. More research
work is needed to clarify the fracture mechanisms
of networks filled by different methods.
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Figure 8. Stress-strain curves (a) and Mooney-Rivlin plots (b) for networks filled with first and second precipitation
Figure 9. Stress-strain curves (a) and Mooney-Rivlin plots (b) for fumed silica filled networks before and after second pre-
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